D or X by the Food and Drug Administration (FDA) which are suspected to be teratogenic to the fetus. [1] [2] [3] Individualized pharmacotherapy during pregnancy has become a major clinical issue in the field of perinatology. Depending on the intended action of the drugs, their transfer across the placenta may be termed as either desired or undesirable. Individualized pharmacotherapy requires proper transplacental rates for balancing the drug's efficacy and its side-effects when deciding treatment regimen in pregnant women. Therefore, proper understanding of the transplacental passage of drugs and its influence factors is vital and helpful in guiding clinicians to more accurate and safer pharmacotherapy during pregnancy.
Accumulating evidence have confirmed that the passage of drugs across the placenta cannot simply be predicted on the basis of their physical-chemical properties. Several drug transporters have been discovered in the placenta and are widely proved to play a significant role in controlling the drugs' transplacental rates. Functional expression of those placental drug transporters must be considered to optimize pharmacotherapy during pregnancy. [4] Analogous to P-glycoprotein and breast cancer resistance protein, the multidrug resistance-associated protein 2 (MRP2), encoded by ABCC2 gene in human, has also been found to be highly expressed in placenta and of great importance in controlling drugs' transplacental rates recently. [5] It is localized to the maternal-facing apical membrane of placental syncytiotrophoblast and possesses the capacity to actively extrude a wide range of drugs back to the maternal circulation. [5] More studies on the regulation of placental MRP2 are of great significance to the individualized and safe pharmacotherapy during pregnancy.
Recent studies have highlighted the potential importance of epigenetic effects on the regulation of placental gene expression, particularly in the contexts of fetoplacental development, trophoblast differentiation, fetal programming, and placental pathophysiology. [6] [7] [8] However, the roles of epigenetic mechanisms in regulating placental drug transporters are still unclear.
As an important chromatin-modifying enzyme, histone deacetylases (HDACs) could remove acetyl groups from histone lysine tails, stabilize nucleosome structure, and compact chromatin, thereby blocking access of transcriptional activators to the DNA template and repressing gene transcription. [9] Totally, there are four classes of HDACs according to phylogenetic analysis and sequence homologies. Until now, only HDAC1/2/3, which are core members of Class I HDACs, have been proved to be extremely abundant in trophoblast cells and involved in placental development by regulating trophoblastic fusion and embryogenesis. [10] [11] [12] Emerging studies have revealed that HDAC inhibitors, such as suberoylanilide hydroxamic acid and trichostatin A (TSA), could alter MRP2 expression in tumor cells. [13, 14] These findings imply that HDACs, particularly the HDAC1/2/3, might play a significant role in placental MRP2 regulation. However, as the HDACs might exhibit cell type-specific manners in gene regulation, whether these processes are also involved in the regulation of placental MRP2 still need to be further investigated. Therefore, the aim of this study was to investigate the effect of HDAC inhibition on the expression of MRP2 in placental trophoblast cell line and to explore whether HDAC1/2/3 are preliminarily involved in this process or not, which might illuminate the pathway of MRP2 regulation by epigenetics in placenta.
Methods

Cell line and culture conditions
The human choriocarcinoma-derived trophoblast cell line (Bewo cells) obtained from the Cell Bank of Chinese Academy of Science were cultured in 10% fetal bovine serum-DMEM/F-12 (Thermo Fisher Scientific, USA) supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin (Gibco, USA) at 37°C in a humidified atmosphere of 95% air and 5% CO 2 .
Histone deacetylase inhibitors-trichostatin A treatment
HDAC inhibitors-TSA was widely used as a HDAC inhibitor and has been validated in many studies. TSA (WXBC0707V, Vetec, USA) was first dissolved in dimethylsulfoxide (DMSO) at the concentration of 1 mmol/L and stored at −70°C for use. To determine the sensitivity of cells to TSA, we used a tetrazolium reagent, 2-(4-indophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H-tetrazolium monosodium salt (WST-1, Cell Counting Kit, Beyotime, Beijing, China). In brief, the Bewo cells were seeded in triplicate at a density of 5000 cells per well into 96-well plates and grown overnight. The cells were treated with or without different concentrations of TSA (0.5, 1.0, 3.0, and 5.0 μmol/L) for 24, 48, or 72 h. At the end of experiments, 10 μl WST-1 reagents were added to each well and cells were incubated at 37°C for an additional 4 h. The absorbance of each sample was measured by a microplate reader (Varioskan Flash, Thermo Scientific, USA) under a wavelength of 450 nm. The percent cell viability was expressed using the following formula: In further studies, cells were grown in six-well plates until 70-80% confluence was reached. Then, the medium was changed and 2 ml fresh medium was added to each well. The 1, 2, 6, and 10 μl of TSA were diluted into cell culture medium at the desired concentrations of 0.5, 1.0, 3.0, and 5.0 μmol/L, respectively. Subsequently, 9, 8, 4, and 0 μl of DMSO were individually added to respective well to guarantee an equivalent concentration of DMSO (0.5%) in different groups while culture medium with DMSO (0.5%) was used as control. The medium was changed daily with new medium carrying new test compounds, and cellular status was observed as well. The cells were washed with ice-cold PBS and harvested at 24 and 48 h for next step tests. All experiments were repeated three times.
Transfection of histone deacetylase 1/2/3 small interfering RNA 
Real-time quantitative real-time polymerase chain reaction
Total RNA was isolated and purified using the Trizol reagent (Invitrogen, Life technologies, Carlsbad, CA, USA). The concentration of purified RNA samples was assessed spectrophotometrically using the Nanodrop_2000 instrument (Thermo Scientific). RNA (1 μg) was reverse transcribed using PrimeScript™ RT Reagent Kit with gDNA eraser (RR0047A, Takara, Japan) according to the manufacturer's instructions.
Amplification of complementary DNA (cDNA) was performed with SsoFast EvaGreen Supermixture (Bio-Rad Laboratories, Hercules, CA, USA) using 5 μl reaction mixture, 0.5 μl forward primer, 0.5 μl reverse primer, 3 μl nuclease-free H 2 O, and 1 μl cDNA in a total volume of 10 μl. PCR conditions were 39 cycles of 30 s at 95°C, 10 s at 55°C for HDAC1, HDAC2, HDAC3, ABCC2, and GAPDH, preceded by an initial denaturation of 3 min at 95°C, and followed by a continuous melt curve from 65°C to 95°C. A validation experiment had been undertaken in which equal quantities of cDNA were used. Similar amplification efficiencies and cycle threshold (Ct) values of GAPDH were obtained between the control group and the treatment group. The stability of GAPDH expression between the control group and the treatment group guaranteed its use as an appropriate endogenous control for normalization. In addition, we have ascertained the efficiencies of amplifications for all genes involved in our study (HDAC1, HDAC2, HDAC3, ABCC2, and GAPDH), which were consistent across a range of template concentrations. All the slope of the amplification efficiency curves were more than 95% and efficiencies for the target genes (HDAC1, HDAC2, HDAC3, and ABCC2) and the endogenous control (GAPDH) were approximately equal (0.954-0.982). All samples were amplified in triplicates. Gene expression was represented for the Ct value by the mean of triple tests. Relative expressions of the target genes in each sample were normalized to expression of GAPDH using 2 −∆∆Ct . The primer sequences specific for target genes were as follows:
Western-blot analysis
Cells were lysed by RIPA (P0013B, Beyotime, China) with complete protease inhibitor cocktail (P8340, Sigma-Aldrich, USA) for 20 min at 4°C, centrifuged at 12,000 ×g for 5 min at 4°C. Supernants were collected and the protein concentration was measured using enhanced BCA protein assay kit (P0010S, Beyotime, China) according to the manufacturer's protocol. Cell lysates were boiled in 4× sample buffer for 5 min, and 50 μg protein/lane was subjected to 8% SDS-polyacrylamide gel. Proteins were transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). The membranes were blocked for 60 min in Tris-base buffer containing 0.1% Tween 20 (TBST) and 5% nonfat milk and incubated overnight at 4°C with primary antibodies against HDAC1 (10197-1-AP, Proteintech, 1:1000), HDAC2 (12922-3-AP, Proteintech, 1:1000), HDAC3 (10255-1-AP, Proteintech, 1:500), MRP2 (sc-20766, Santa Cruz, 1:100) and GAPDH (CW0100A, CWBIO, 1:500). Following extensive washing with TBST, the membranes were immunoblotted with horseradish peroxidase-conjugated goat anti-rabbit/goat anti-mouse immunoglobulin G secondary antibodies (diluted 1:2500) for 2 h at room temperature. Washed several times in TBST, membranes were exposed to enhanced chemiluminescene detection system. The protein expression levels were quantified by software Gelpro32 and normalized against the GAPDH as an endogenous control. We have confirmed the specificity of antibodies (HDAC1, HDAC2, HDAC3, and MRP2) through preincubation with the peptide epitope and prevention of binding at 60,000, 55,000, 49,000, and 200,000, respectively.
Histone deacetylase activity assay
The total HDAC activity was determined by HDAC activity colorimetric assay kits (K331-100, BioVision, USA) according to the manufacturer's protocol. The assay was based on a two-step colorimetric reaction. The first step of reaction was deacetylation of the acetylated lysine side chain of HDAC colorimetric substrate by a sample containing HDAC activity. Deacetylation of the substrate sensitized the substrate, so that, in the second step, treatment with the lysine developer produced a chromophore, analyzed by the microplate reader, which was proportional to the deacetylation activity of the sample. In brief, the cell was lysed and protein was extracted using the protocol mentioned above. Following measurement of protein concentration, 100 μg of cell lysate was incubated with HDAC colorimetric substrate for 1 h at 37°C. The lysine developer was added to above reaction mixture and incubated for another 30 min at 37°C. Total HDAC activity was determined by assess the absorbance at 405 nm using a microplate reader (Varioskan Flash, Thermo Scientific), expressed as the relative optical density value per μg protein. Then, based on the prepared standard curve using the known amount of deacetylated standard in the kit, the absolute amount of deacetylated lysine generated in the sample could be determined (μmol•L -1 •μg
protein).
Immunofluorescence staining of multidrug resistanceassociated protein 2 and quantification by ImageJ
Following 48 h transfection as described above, cells were washed three times with ice-cold PBS, fixed in 4% formaldehyde, and blocked for 30 min with 3% of BSA and 2% of fetal bovine serum in 0.2% Triton X-100/PBS. The cells were incubated overnight at 4°C with a 1:50 dilution of primary antibodies against MRP2 (sc-20766, Santa Cruz, USA) in the blocking buffer. Negative controls were obtained by omitting primary antibody. The cells were washed with PBS and incubated with 1:500 diluted Fluor 594 goat anti-rabbit secondary antibody (A11012, Invitrogen) for 40 min at room temperature. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (Sigma) at 1:500 dilution for 5 min. The slides were washed twice with PBS and fluorescence images for MRP2 were captured using an immunofluorescence microscopy (Nikon. Eclipse. 80i, Nikon, Japan).
Images were processed by Adobe Photoshop CS6, and MRP2 membrane immunofluorescence for each sample was quantified by ImageJ version 1.44 software (National Institutes of Health, Bethesda, USA). In brief, a library of JPEG images was imported into imageJ software. The original images were converted to 8-bit images before being auto-thresholded to binary photos by the "Make Binary" function in ImageJ. Using the "Add to Manager" function, regions of interests (ROIs) were selected around each DAPI-stained nuclei. These selections only enclose the cellular membranes where the MRP2 protein was found. Thereafter, the areas of ROIs in each of the binary images were calculated by "Analyze Particle" function, and the sum of integral optical density (IOD SUM) of MRP2 in the cells was measured after background fluorescence was dislodged by "Subtract Background" function. Finally, the mean IOD was calculated as a ratio of IOD SUM relative to area.
Statistical analysis
All data were shown as mean ± standard error (SE) and all analyses were conducted with SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). Shapiro-Wilk test and homogeneity test of variance were used to confirm that quantitative data from different groups come from a normal distribution and meet the homogeneity of variance. The differences between two groups were determined by the independent sample t-test. The differences among different groups were determined by one-way analysis of variance followed by Tukey's honestly significant difference multiple range test. A two-tailed P < 0.05 was considered statistically significant. As shown in Figure 3 , TSA at all concentration gradients robustly ablated HDAC activity after 24 and 48 h of exposure with a concentration-and time-dependent manners as compared with the vehicle group (at 24 h: q = 6.041, P = 0.007 for 0.5 μmol/L; q = 6.419, P = 0.003 for 1.0 μmol/L; q = 6.618, P = 0.001 for 3.0 μmol/L; q = 7.963, P < 0.001 for 5.0 μmol/L; at 48 h: q = 9.340, 9.984, 10.413, 10.795 for 0.5, 1.0, 3.0, 5.0 μmol/L, respectively, all P < 0.001).
After transfection of HDAC1/2/3 siRNAs separately, endogenous expressions of HDAC1/2/3 were successfully inhibited, respectively, evidenced by quantitative reverse transcription polymerase chain reaction (mRNA: t = 12.435, P < 0.001 for HDAC1; t = 11.106, P < 0.001 for HDAC2; t = 13.001, P < 0.001 for HDAC3; Figure 4a ) and Western-blot analysis (protein: t = 7.029, P = 0.002 for HDAC1; t = 8.157, P = 0.001 for HDAC2; t = 12.444, P < 0.001 for HDAC3; Figure 4b ). Compared with the which displayed an almost 3.19-fold changes in comparison with the control siRNA-transfected cells (q = 14.638, P < 0.001; Figure 5b ). The quantitative analysis of MRP2 expression among different groups is shown in Figure 5f in detail.
dIscussIon
To date, most studies on placental MRP2 have merely confined to its localization and mRNA/protein expressions affected by different physiological and pathological conditions, with comparatively little attention being paid to its possible regulation mechanisms, particularly the roles of epigenetics. To the best of our knowledge, our study first explored whether HDACs are involved in the MRP2 regulation in placental trophoblast cell line. The results revealed that the HDAC inhibition could induce placental MRP2 expression in company with inhibition of HDAC1/2/3 expression and total HDAC activity. In addition, the specific inhibition of HDAC1 could result in a noticeable elevation in MRP2 expression, whereas no significant differences in MRP2 expression were noted after HDAC2 and HDAC3 silencing. These findings strongly indicated that HDAC1 might be involved in the negative regulation of placental MRP2 expression.
In the past decade, in vitro and in vivo studies have widely proved that many dietary bioactive compounds (e.g., sulforaphane, butyrate, epigallocatechin, etc.), which could be administered during pregnancy, could inhibit HDAC1 expression and activity. [15] Given the findings in our study and wide range of MRP2 substrates, those dietary bioactive compounds might attract considerable clinical attention, particularly for the individualized and safe pharmacotherapy when MRP2 substrates are used during pregnancy. For instance, MRP2 substrates' adverse effect on fetus might be minimized when those drugs and above dietary bioactive compounds are co-administrated for the treatment of maternal diseases during pregnancy because their transplacental transfer rates are most likely to be reduced. On the other hand, to achieve ideal drug concentrations in fetal compartments when control, the inhibition of HDAC1 resulted in a noticeable elevation in MRP2 mRNA (q = 6.615, P = 0.001) and protein expressions (q = 17.845, P < 0.001), whereas no significant differences in MRP2 expression were noted after HDAC2 and HDAC3 silencing (mRNA: q = 0.269, P > 0.05 for HDAC2; q = 0.297, P > 0.05 for HDAC3; protein: q = 1.662, P > 0.05 for HDAC2; q = 0.633, P > 0.05 for HDAC3).
Fluorescent micrograph images of MRP2 expression after transfection of the control, HDAC1, HDAC2, and HDAC3 siRNAs into Bewo cells are shown in Figure 5 . Negative controls obtained by omitting primary antibody showed negligible background fluorescence [ Figure 5e ]. Fluorescence of MRP2 was mainly expressed on the cell membrane. The fluorescent intensities of MRP2 in the control, HDAC2, and HDAC3 siRNA-transfected cells were week, and no significant differences were noticed among these three groups (HDAC2 siRNA vs. control: q = 1.910, P > 0.05, HDAC3 siRNA vs. control siRNA: q = 2.472, P > 0.05; Figure 5a , 5c, and 5d). However, MRP2 expression was remarkably elevated in HDAC1 siRNA-transfected cells, treating fetal diseases, higher quantities of MRP2 substrates need to be administered theoretically in such conditions. In addition, many drugs or toxicants, which could induce fetal developmental malformations, have also been proved to be MRP2 substrates. [16] [17] [18] [19] Up-regulation of placental MRP2 might reduce the risk of those compounds-induced fetal anomalies. Therefore, the findings in this study suggested that HDAC1 might be a promising target for the prevention of congenital malformations if these findings could be validated in animal studies.
Our results showed that TSA repressed HDAC1/2/3 mRNA and protein levels in Bewo cells in time and dose-dependent manners. Nevertheless, the mRNA and protein changes were not invariably in a synchronous manner. For instance, down-regulation of protein occurred, whereas its mRNA still remained unchanged (e.g., HDAC1 mRNA level at 1.0 μmol/L in Figure 1a compared with its protein level after exposure to the same drug concentration shown in Figure 2a ), yet protein remained the same whereas their mRNA increased (e.g., ABCC2 mRNA level at 0.5 μmol/L shown in Figure 1b compared with its corresponding protein expression in Figure 2b ). These results might suggest that TSA affected the rate of protein synthesis or degradation of targeted genes, such as proteasomal degradation after ubiquitination. [20, 21] Furthermore, the mRNA and protein levels of HDAC1 and HDAC2/3 were ablated with different timing-effectiveness of TSA on HDAC1 being more rapid relative to that on HDAC2/3. Hence, these findings revealed that changes in HDAC expression patterns were influenced by HDAC types, as well as exposure length and concentration, indicating there were subtle differences of action mechanism of TSA on each individualized gene expression, which need to be further clarified.
HDACs' biological functions are mainly dependent on their enzymatic activity. [22] The study has proved that TSA administration resulted in inhibition of total HDAC activity with a time and dose accumulation [ Figure 3 ], which was consistent with that on HDAC1/2/3 repression. It implied that theses HDACs might play an important role in epigenetic regulation functionally on account of their high expressions in Bewo cells. To further clarify the correlation between HDAC1/2/3 and placental MRP2, specific siRNA for HDAC1, HDAC2 or HDAC3 had been transfected into Bewo cells, respectively. The results manifested that HDAC1 might acted as a repressor in placental MRP2 regulation, seeming to be consistent with that found in cancer cell lines. [23] As core epigenetic regulators, a well-known alternative target of HDACs is "histone protein," HDACs are capable of removing acetyl groups from histone lysine tails, stabilizing nucleosome structure and compacting chromatin, thereby blocking access of transcriptional activators to the DNA template and repressing gene transcription. Moreover, nonhistone proteins are also susceptible to be modified by HDACs, binding with specific co-regulators, forming co-repressor complexes, and subsequently affecting transcriptional activity. [22] Furthermore, HDACs may have primarily nontranscriptional roles as a result of certain specific environmental stimuli. [22] Hence, on account of cell-specific regulation and individual roles in respective gene regulation of HDACs, the regulatory pathway of HDAC1 on MRP2 in placental cells are still needed to be further clarified and clearly elucidated, which could provide more novel therapeutic targets for controlling drug delivery across the placenta.
However, some limitations of this study must be considered. First, since total HDAC activity cannot accurately reflect the enzymatic activity of specific HDAC subtypes, HDAC1/2/3 activities should be investigated individually to provide more clues to establish the relationship between HDACs and placental MRP2. Moreover, as the discordance between gene expression and its function, it is unknown whether the elevated placental MRP2 expression is also accompanied with increased efflux function, which will offer more practical meanings. In addition, we only looked into the regulation of HDAC1/2/3 on placental MRP2. However, TSA could inhibit other HDACs except for HDAC1/2/3, whether other HDACs are also involved in the regulation of placental MRP2 or not still remain to be further clarified. Finally, on the grounds that Bewo cell line possesses some different properties in comparison with the primary trophoblast cells (i.e., origin, differentiation, relative expression of MRP2) and most appropriately model later gestation due to cell differentiation extent, exploration of those in vitro data to the pregnant woman through the whole gestational stage is possibly difficult. Taken together, the findings in this study were merely the first step toward placental MRP2 regulation from the perspective of epigenetic, which could offer a clue for further exploration. The results need to be further validated in primary placental cells, animal models, and human studies in different gestational stage. Meanwhile, more studies need to be carried out to explore different physiological and pathological factors on placental MRP2 and its possible mechanisms, which may provide brand-new therapeutic targets for individualized pharmacotherapy during pregnancy.
In conclusion, our study made a preliminary exploration of placental MRP2 regulation from the perspective of epigenetics, demonstrating that HDACs inhibition could up-regulate placental MRP2 expression in the trophoblast cells, and illustrated that HDAC1 was mainly involved in this process. These findings might provide some references for efficient and safe pharmacotherapy during pregnancy.
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